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Structural Basis of Ligand Activation in a
Cyclic Nucleotide Regulated Potassium Channel
binding alters the activity of an integral membrane ion
channel (Hille, 2001; Biel et al., 2002; Matulef and Za-
gotta, 2003). Ion channels form protein pores in cell
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and Biochemistry membranes that allow the passive movement of ions
through the hydrophobic membrane core. The main reg-Yale University
260 Whitney Avenue ulation occurs through opening and closing the pore, a
process known as gating. In cyclic nucleotide regulatedNew Haven, Connecticut 06520
channels, nucleotide binding influences this process,
favoring the open state. At the molecular level, the chan-
nels are tetrameric; the subunits are identical or highlySummary
homologous, and each contains multiple transmem-
brane segments, a characteristic selectivity filter se-Here we describe the initial functional characterization
of a cyclic nucleotide regulated ion channel from the quence, a pore-lining inner helix, and a C-terminal cyclic
nucleotide binding domain connected by a linker to thebacterium Mesorhizobium loti and present two struc-
tures of its cyclic nucleotide binding domain, with and transmembrane core (Figures 1A and 1B). There is good
evidence that both the linker and the actual nucleotidewithout cAMP. The domains are organized as dimers
with the interface formed by the linker regions that binding pocket are critical in CNB domain function (Flynn
et al., 2001; Biel et al., 2002); ligand binding causes aconnect the nucleotide binding pocket to the pore
domain. Together, structural and functional data sug- conformational change that is transmitted through the
linker to the gate (Kaupp and Seifert, 2002). The recentgest the domains form two dimers on the cytoplasmic
face of the channel. We propose a model for gating in crystal structure of the CNB domains from an HCN chan-
nel reveals the structural role of the linker region (Zagottawhich ligand binding alters the structural relationship
within a dimer, directly affecting the position of the et al., 2003); in this structure, the four CNB domains
form a 4-fold symmetric ring in which the interactionsadjacent transmembrane helices.
between subunits are formed exclusively by the linker
region. Although the HCN CNB domain structure showsIntroduction
a 4-fold symmetric oligomer (Zagotta et al., 2003), there
is data from both CNG and HCN channels to suggestThe cyclic nucleotides cAMP and cGMP are critical sec-
ond messengers in both prokaryotic and eukaryotic cells that their domains can be organized as dimers (Liu et al.,
1998; Matulef and Zagotta, 2002; Zagotta et al., 2003).(Hille, 2001). These molecules act directly to modulate
the activity of a diverse group of proteins: kinases (pro- Genome sequencing projects have revealed a number
of prokaryotic proteins with homology to the eukaryotictein kinase A, PKA) (Su et al., 1995; Diller et al., 2001),
transcription factors (catabolite-activator protein, CAP) cyclic nucleotide regulated channels. The proteins show
particularly high conservation within two regions: the(Weber and Steitz, 1987; Passner et al., 2000), guanine-
exchange factors (EPAC) (Rehmann et al., 2003), and potassium channel signature sequence located between
the last two transmembrane helices and a C-terminal CNBion channel proteins (both hyperpolarization-activated
cyclic nucleotide-dependent channels [HCN channels] domain immediately following the last transmembrane
helix (Figure 1B). In this work, we describe an initialand cyclic nucleotide-gated channels [CNG channels])
(Biel et al., 2002; Matulef and Zagotta, 2003). In each functional characterization of one of these channels and
present the crystal structures of the liganded and unli-case, the ligand modulates activity by binding to a highly
conserved cyclic nucleotide binding (CNB) domain of ganded form of its cyclic nucleotide binding domain.
Based on these results, we propose a gating model forroughly 150 residues. Each class of molecules has been
examined with functional and structural studies. Struc- this channel.
tures are known for the ligand bound conformations of
CAP, the regulatory subunit of PKA, and HCN channel Results
domains (Weber and Steitz, 1987; Su et al., 1995; Diller
et al., 2001; Zagotta et al., 2003) and for EPAC in its The M. loti K Channel Is Regulated by cAMP
unliganded state (Rehmann et al., 2003), and recently a We identified genes from a number of prokaryotes pre-
PKA regulatory subunit has been crystallized with cyclic dicted to encode cyclic nucleotide regulated K chan-
nucleotide in one of the two binding pockets and glyc- nels. These proteins contain two characteristic features:
erol in the other (Wu et al., 2004). Yet the mechanistic a canonical potassium channel selectivity filter se-
details that underlie nucleotide activation in these pro- quence within the membrane spanning portion, and a
teins are still not fully understood, since no protein has putative CNB domain located at the C terminus (Figure
been crystallized in both liganded and unliganded con- 1A). Partial sequences of two, MlotiK1 and RpalK1 from
formations. Mesorhizobium loti and Rhodopseudomonas palustris,
In the case of the CNG and HCN channels, nucleotide respectively, are shown in Figure 1B. The size of the
linker connecting the nucleotide binding pocket to the
last transmembrane segment is much shorter in these*Correspondence: joao.cabral@yale.edu (J.H.M.-C.); lise.heginbotham@
yale.edu (L.H.) prokaryotic channels (5 residues from the end of the
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Figure 1. Channel Organization
(A) Transmembrane organization of a typical cyclic nucleotide regulated channel; the assembled channel contains four cytoplasmic CNB do-
mains.
(B) Sequence alignment of key regions, including the selectivity filter (green); the last transmembrane segment; and the CNB domain; from
the MlotiK1 channel (MltiK1, GI:14023393); RpalK1 channel (GI:39937293); HCN1, hyperpolarization-activated cyclic nucleotide gated channel
(GI:13346929); CNG1, cyclic nucleotide gated channel (GI:2506302); KcsA potassium channel (GI:1089905); and the MthK potassium channel
(GI:2622632). The secondary structure elements present in the MlotiK1 CNB domain are shown above the sequence. The phosphate binding
cassette is shown in cyan. Gray-shaded residues have the same chemical character across MlotiK1, RpalK1, HCN1, and CNG1 CNB domains.
Residues shaded in purple in the HCN sequence represent the positions of the additional helices in the linker of the HCN domain structure
(Zagotta et al., 2003).
last transmembrane to the beginning of the MlotiK1 CNB well through K channels (Hille, 2001), 86Rb accumula-
tion is used to monitor K channel function. Controldomain) than in their eukaryotic counterparts (60 resi-
dues in the mammalian channels). liposomes are relatively tight to ions; over the long time
scale of these experiments, they show a slow uptake ofThe functional properties of the MlotiK1 channel were
examined in vitro. Full-length MlotiK1 was heterolo- 86Rb (Figure 2A). In contrast, MlotiK1 protein purified
and reconstituted in the presence of 100 M cAMPgously expressed in E. coli and purified in detergent.
The purified protein is a tetramer, as shown by size shows 86Rb accumulation markedly above that of con-
trol vesicles, indicative of a functional transport protein.exclusion chromatography coupled to light scattering,
refractive index, and ultraviolet absorbance analysis 86Rb accumulation by MlotiK1 approaches saturation
at roughly 2 hr, substantially slower than that measured(data not shown). Channel activity was evaluated using
a flux assay similar to those in common use for studies in equivalent reconstitutions of the KcsA channel, where
uptake is complete in several minutes (Heginbotham etof the KcsA channel and EClC transporter (Heginbotham
et al., 1998; Maduke et al., 1999) and modified for use al., 1998). The difference may reflect either a decreased
conductance or open probability (or both) of MlotiK1in MlotiK1 (Nimigean et al., 2004). Proteoliposomes con-
taining functional channel protein concentrate permeant with respect to KcsA.
MlotiK1 function is critically dependent on cyclic nu-ions from the external solution; since Rb is transported
Liganded and Unliganded Structures of CNB Domain
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Figure 2. Functional Reconstitution of MlotiK1
(A) Time course of 86Rb uptake. Liposomes were reconstituted in the absence of protein (diamonds), with MlotiK1 purified in the continued
presence of cAMP (circles), or using protein from which cAMP was removed during a final gel filtration step (squares). Activity of the latter
protein was also assayed after the addition of cAMP during the flux assay (triangles). Data were normalized to the valinomycin-induced uptake
in an aliquot of each sample and reflect the mean  SD (n  3).
(B) Concentration dependence of cAMP-mediated uptake. The indicated concentration of nucleotide was added to both sides of vesicles
containing MlotiK1. Uptake at 90 min was normalized to that occurring in the absence of added cAMP (0%) and 100 M cAMP (100%).
Symbols and errors represent the mean and SEM of three to 11 independent determinations. Solid curve represents a fit of the data to a Hill
equation, with K1/2  100 nM and a Hill coefficient of 1.3.
cleotide. Uptake is greatly reduced when cAMP is re- formed by the  roll (Figure 3B). As in other CNB domains
(Diller et al., 2001), the isolated MlotiK1 domain copuri-moved from the MlotiK1 protein using gel filtration im-
mediately prior to reconstitution; full activity can be fies with nucleotide; nucleotide was not added in any
of the buffers used for purification or crystallization,restored by adding back cAMP (Figure 2A). Figure 2B
shows the effect of cAMP over a large range of concen- and we could not remove it from the protein even with
extensive dialysis (precluding studies of the unligandedtrations. The apparent K1/2 under these conditions is
roughly 100 nM. This value is somewhat lower than the wild-type domain). The molecular interactions within the
ligand binding site mirror those found in other com-value observed for nucleotide-dependent activation of
the eukaryotic CNG channel but quite similar to that of plexed CNB domains: the cyclic nucleotide’s phosphate
and ribose moieties interact with highly conserved resi-HCN channels (Biel et al., 2002; Kaupp and Seifert, 2002;
Matulef and Zagotta, 2002). dues known as the phosphate binding cassette (PBC).
PBC residues (Figures 1B and 3B) include Arg307, which
neutralizes the phosphate charge, and Glu298, whichThree-Dimensional Structure of the Liganded
forms a hydrogen bond with the 2hydroxyl of the ribose.CNB Domain
The nucleotide’s purine group is positioned toward theWe crystallized a protein fragment that includes all the
opening of the cavity, and hydrophobic residues interactresidues beyond the last transmembrane segment as
with one of its faces. As in other CNB domains, thedefined from the sequence alignment with KcsA and
nucleotide cavity has a wide mouth, and residues fromMthK channels (Figure 1B). The crystal structure of the
other parts of the molecule stabilize the ligand by form-MlotiK1 CNB domain was solved at 1.7 A˚ and refined
ing a lid over the binding site (Figures 3A and 3B). Into an Rwork  19.0% and Rfree  22.0% (Table 1). Only
MlotiK1, the lid is formed by the C helix; the Arg348two residues on the N terminus and five residues on the
side chain interacts with the ligand directly, lying acrossC terminus are disordered and are not included in the
the face of the nucleotide base (Figure 3B), and alsofinal structure. The model has the typical fold of CNB
forms hydrogen bonds with residues within the liganddomains (Weber and Steitz, 1987; Su et al., 1995; Diller
cavity.et al., 2001; Rehmann et al., 2003; Zagotta et al., 2003):
A dimer interface is observed in the MlotiK1 CNBa wide antiparallel  roll topped by three interacting
domain crystals between molecules related by a 2-foldhelices (the helical bundle) formed by the linker helices
noncrystallographic axis (Figure 3C). The dimer interfaceA and A, and the B helix from the C-terminal tail
is formed by the two helices of the N-terminal linker; it(Figure 3A). The C-terminal tail, which also includes the
includes a core of mainly hydrophobic residues (Arg220,C helix, extends across the surface of the  roll to
Phe223, Val224, Trp227, Leu244, and Val245) that arereach the nucleotide.
conserved across the prokaryotic homologs of thisThe electron density clearly identifies a cAMP mole-
cule in the anti conformation bound inside the cavity channel (Figure 3D) and has a total buried surface area
Cell
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Table 1. Data and Refinement Statistics
Data Quality
Data set Remote Peak Inflection Refinement data set
Wavelength (A˚) native 0.964 0.9788 0.9791 0.906
Mutant 0.964 0.978 0.9679 0.964
Completeness (%) native 96.4 (95.6) 94.1 (89.2) 94.7 (91.2) 92.9 (95.1)
Mutant 98.1 (98.5) 98.3 (99.6) 98.2 (99.6) 98.1 (98.5)
Resolution (A˚) native 2.0 2.0 2.0 1.7
Mutant 2.6 2.6 2.6 2.6
Rsym (%) native 5.6 (15.5) 5.8 (21.9) 5.0 (16.5) 6.5 (17.7)
Mutant 11.4 (48.8) 12 (75) 10.9 (48.4) 11.4 (48.8)
I/SigI native 9.6 (4.6) 10.5 (3.4) 11.7 (4.4) 6.2 (4.0)
Mutant 22 (6) 19 (4) 22 (6) 22 (6)
Redundancy native 5.2 (4.9) 4.8 (4.2) 4.8 (4.2) 2.1 (2.1)
Mutant 5 (5) 7 (7) 6 (6) 4.2 (4.5)
Refinement Native Mutant
Resolution 1.7 A˚ 2.7 A˚
Number of atoms 2327 1919
Protein 1996 1863
Waters 271 11
Bromides (native struct.) 16
Iodides/SO42/K (mutant struct.) 31/2/4
cAMP 44 None
RMSD bond lengths/angles rmsd bonds 0.006 A˚, rmsd bonds 0.0073 A˚,
rmsd angles 1.3	 rmsd angles 1.4	
Average B value (A˚2) 17.7 29.7
Average B value of cAMP (A˚2) 11.5
Working/Free R value (%) 19.0/22.0 25.3/28.1
Note that values in parentheses are for the highest resolution bins.
of 1164 A˚2. Other observed crystal contacts are polar in found in the wild-type with the exception that there is no
cyclic nucleotide bound (Figure 4A). Instead, the cycliccharacter and much less extensive.
nucleotide binding site is occupied by what we tenta-
tively identify as sulfate and potassium ions; in particu-Three-Dimensional Structure
of an Unliganded Domain lar, the negatively charged ion takes an equivalent posi-
tion to the ligand phosphate group. In the ligandedOne striking feature of the MlotiK1 CNB domain struc-
ture is the interaction between Arg348 on the C helix structure, the PBC residues starting at Glu298 and end-
ing at Arg307 form a hairpin that wraps around the ligandand the ligand. Residues equivalent to Arg348 are ob-
served in other CNB domain structures; for example, in (Figure 4B). Without cAMP, the residues in the short
helix following Glu298 have shifted away, leaving a widerthe recent structure of the HCN channel domain, an
arginine (Arg632) forms a very similar interaction with binding site. For example, the side chain of Met299 flips
out with its main chain carbon moving by 1.9 A˚, and thethe nucleotide (Zagotta et al., 2003), while, in the two
CNB domains of the regulatory subunit of the cAMP  carbon of Leu301 moves by 2.1 A˚. No major changes
are observed at the other end of the PBC; even the longdependent protein kinase (type I), tryptophan and tyro-
sine have analogous roles in the N- and C-terminal do- side chain of Arg307 retains the same position. The
conformation adopted by the PBC residues in the R348Amains, respectively (Su et al., 1995). To explore the role
of this interaction, we examined the structure of the mutant is similar to that described for the unliganded
structure of the EPAC protein by Wittinghofer and co-R348A mutant.
The CNB domain R348A mutant purifies without workers (Rehmann et al., 2003). This leads us to propose
that the R348A mutant structure corresponds to thebound nucleotide (as indicated by low 260 nm ab-
sorbance of the purified protein) and readily crystallizes unliganded state and that the structural differences ob-
served between the mutant and wild-type domain struc-in the unliganded state. The crystals diffract to better
than 2.5 A˚, and we determined and refined an atomic tures are the same as those that occur when the MlotiK1
CNB domain converts from the unliganded to the li-model to 2.7 A˚ with Rwork  25.3%, Rfree  28.1%. There
are two molecules, A and B, in the asymmetric unit; the ganded state. This proposal is consistent with the find-
ing that, although the full-length R348A mutant proteinmolecules form a dimer related by the same interface
observed in the wild-type domain. The structures of A migrates as a tetramer in a size exclusion chromatogra-
phy, it shows no activity in the flux assay in either theand B are not precisely identical due to differences in
their packing environments (Figure 4A). The following presence or absence of cAMP (Figure 6C).
Except for the changes in the PBC, the structures ofdiscussion will focus on molecule A, since a crystal
contact on the C helix of molecule B may distort its po- the  rolls are virtually identical in the wild-type and the
R348A mutant (rms deviation for  carbons of 0.7 A˚). Insition.
The mutant structure maintains the general features contrast, the domain helices show substantial rear-
Liganded and Unliganded Structures of CNB Domain
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Figure 3. Wild-Type Structure
(A) Ribbon model of the MlotiK1 CNB domain. The cAMP molecule is depicted in CPK.
(B) Ligand binding site. Cyclic nucleotide is shown as a stick model with composite annealed omit map. Residues that participate in ligand
coordination are shown in stick model.
(C) The MlotiK1 CNB domain dimer, with the cAMP molecules depicted in a stick model. Side chains from some residues on the interface
are shown.
(D) Alignment of sequences corresponding to A and A helices for the MlotiK1, RpalK1 channels, the MspiK1 channel from Magnetospirillum
magnetotacticum (GB: AAAP01003723.1), and the BjapK1 and BjapK2 channels from Bradyrhizobium japonicum (GI:27355938 and
GI:27354013).
rangements (Figure 4C). In the unliganded structure, the chain atoms of Gly221 in the A helix move by as much
as 12.9 A˚.C helix no longer covers the mouth of the binding site
(the Arg349  carbon has shifted by 4.4 A˚), and the The two molecules in the asymmetric unit of the unli-
ganded structure are related by the same interface de-C-terminal end of the B helix points away from the
surface of the  roll with the main chain carbon of two scribed in the liganded structure (Figure 5A). However,
the interaction surface has been altered due to the rear-residues (Phe327 and Leu330) shifted by 2.8 A˚ and 5.6 A˚,
respectively, in relation to their wild-type positions (Fig- rangements in helical bundle. In Figure 5B, the A heli-
ces are used to orient the unliganded and liganded di-ures 4C and 4D). The two other helices of the helical
bundle have also adjusted. While theA helix has moved mers, as they maintain the same spatial relationship and
molecular interactions across the interface. A compari-slightly, the loop that precedes it has been repositioned
by8 A˚. This in turn drags the A helix, where the main son between the two conformations shows that the two
Cell
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Figure 4. Mutant Structure
(A) Superposition of the two molecules in the asymmetric unit of the R348A mutant crystal. Star indicates region of molecule B involved in
the crystal contact referred to in the text. Green ball-and-stick models represent potassium and sulfate ions, respectively, bound in the ligand
binding site of molecule A.
(B) Stereoview of the superposition of residues in the PBC and part of the B helix. In gray, we show the wild-type ligand bound structure
and, in pink, the unliganded mutant structure.
(C) Superposition of wild-type monomer and molecule A of the mutant. Ribbon representations of helices in blue and yellow are those of the
mutant; the wild-type is shown in green and red. Stick model represents cAMP bound in the wild-type structure.
(D) Different orientation of the image in (C), with PBC of mutant shown in pink.
A helices slide in opposite directions along the inter- for the cAMP bound dimer. The difference between
these values primarily reflects the contributions fromface; in the liganded dimer, the Trp227 residues in the
A helices pack against each other, and, in the R348A the Arg220 side chain, which is well defined on the inter-
face in the 1.7 A˚ liganded structure but absent in themutant, they interact with Phe223 from the opposite
molecule. At the N-terminal end of the A helix, Gly221 2.7 A˚ unliganded model. As shown below, the Arg220
side chain does not seem to play a role in either theis the first ordered residue present in both subunits
of the mutant dimer. In the liganded structure, these monomer-dimer equilibrium or gating of the channel. To
permit a direct comparison between the two dimers, theresidues are separated by 22.6 A˚ (Figure 5B); the confor-
mational rearrangements in the unliganded dimer bring total buried surface was recalculated by including only
residues that are present in both models (residues 218–them closer together (15.7 A˚).
The total buried surface on the interface of the R348A 220 in the wild-type and 219–220 in molecule A of the
mutant structure were removed). The new values aremutant dimer is 790 A˚2, smaller than the value of 1164 A˚2
Liganded and Unliganded Structures of CNB Domain
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Figure 5. Dimer Interface
(A) Ribbon representation of the R348A mutant dimer, with ions bound in the ligand binding sites. Side chains of some residues on the
interface are shown.
(B) Stereoviews of the dimer interface from the wild-type (top) and mutant (bottom) domain structures. The C of Gly221 is shown as a purple
sphere. TM, transmembrane helix.
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much more similar, 788 A˚2 for the wild-type dimer and the analogous residues are important within the context
of the full-length MlotiK1 channel. We generated the704 A˚2 for the R348A mutant.
single point mutations W227A, R220A, F223A, and
V224A in the full-length MlotiK1 (corresponding to W262,The Dimer Interface
R255, F258, and I259 in RpalK1, respectively). In eachThe subunit interfaces and associated dimeric arrange-
case, purified protein behaved like wild-type in size ex-ment observed in the two crystal structures of the
clusion chromatography, indicating that the mutant pro-MlotiK1 CNB domain have potential mechanistic impli-
teins retained a tetrameric architecture in detergent mi-cations. The gating domains of several channels (the
celles. When tested in the flux assay, the W227A mutantCNB domain in the HCN channels [Zagotta et al., 2003],
channel shows no activity, even when reconstituted inthe RCK domain in the MthK potassium channel [Jiang
the presence of 100 M cAMP, a concentration 1000-et al., 2002a], and the glutamate binding domain in the
fold larger than the K1/2 of the wild-type protein (Figureionotropic glutamate receptor [Sun et al., 2002]) have
6C). In contrast, each of the other mutants on the inter-all been shown to form oligomers; in each case, oligo-
face shows nucleotide-dependent activity. Although wemerization is proposed to play a fundamental role in the
cannot rigorously exclude the possibility that the W227Agating process.
mutation alters activity by a secondary means, it is strik-Although we have not been able to detect solution
ing that mutation of residues along the crystal structuredimers for the MlotiK1 CNB domain, the equivalent do-
interfaces have parallel effects in both the activity andmain of the homolog from Rhodopseudomonas palustris
dimerization assays, consistent with the dimer interface(RpalK1) does clearly form dimers. This is evident in the
playing a crucial role in the gating process.size exclusion chromatography profiles of the RpalK1
Finally, we looked for residues within the two struc-domain shown in Figure 6A. The profile is distinctly non-
tures of the MlotiK1 domain that could potentially formsymmetrical, and the peak migrates more rapidly as the
a disulfide bridge across the interface between the sameprotein concentration is increased, consistent with the
residue in the two dimer subunits. A minimal requirementexistence of several interconverting oligomeric species.
for a disulfide bond formation is that the bonding resi-Figure 6B shows how the apparent molecular weight,
dues are in close proximity; two residues, Trp227 anddetermined from the size exclusion profiles, varies as a
Val224, in the liganded and unliganded structures, re-function of protein concentration. At low concentrations
spectively, meet the criterion of a cut-off distance of 7 A˚(0.13 mM, 2.5 mg/ml) in the absence of nucleotide,
between C atoms (Dani et al., 2003). We removed thethe RpalK1 domain migrates as an 15 kDa protein, in
three native cysteine residues (C101S, C263V, andgood agreement with the expected monomer molecular
C331V) to produce a cysteineless channel template thatmass (18 kDa). At high protein concentration (
1.4 mM,
shows nucleotide-dependent activity in the flux assay25 mg/ml), the protein migrates at an apparent molecular
(data not shown) and then introduced a single cysteineweight of 37 kDa, consistent with a dimeric molecule.
at different positions within the CNB domain (V224C andUnlike the MlotiK1 domain, we cannot detect nucleotide
W227C on the interface and, as a control, T316C on thein the purified RpalK1 CNB domain by absorbance at
exposed surface of the domain) (Figure 6D). Formation
260 nm, and so we assume that the experiments above
of disulfide bonds was assessed using a simple gel shift
were done with protein in the unliganded state. In the
assay, by the emergence of a band corresponding to
presence of 1 mM cAMP, the protein migrates slightly
dimeric protein. The cysteineless protein (expected mo-
faster at all protein concentrations (Figure 6B). Although lecular weight 39 kDa) runs as a monomer on SDS-PAGE
we cannot rule out the possibility of higher order oligo- (Figure 6D). The V224C mutant protein clearly shows an
meric forms being formed with cAMP binding, we sus- additional higher molecular weight band of 80 kDa
pect the shift in migration reflects the changes of protein that is consistent with a dimeric protein (Figure 6D); this
shape observed in the crystal structures upon ligand band is not formed in the presence of 5 mM DTT (data
binding. not shown). In contrast, W227C, T316C, and the wild-
To explore whether the interface present in our type protein (with three native cysteines) run as mono-
MlotiK1 crystals is biologically important, we first exam- meric species. On the basis of the liganded structure, the
ined the effect of point mutations on the oligomerization Trp227 mutant could also theoretically form a disulfide
behavior of the RpalK1 CNB domain. In the MlotiK1 CNB bond, but we have already shown that a mutation at this
domain structures, Trp227, Phe223, Arg220, and Val224 position has dramatic consequences for the stability of
are all located along the dimer interface (Figures 3C the RpalK1 CNB domain dimer in solution. Of the resi-
and 5B); the equivalent residues in RpalK1 are Trp262, dues tested, the formation of a disulfide bond was only
Phe258, Arg255, and Ile259. These mutants were gener- observed by introducing a cysteine at a position (V224C)
ated in the RpalK1 CNB domain and were studied using shown by the crystal structures to be in the dimer inter-
size exclusion chromatography at different protein con- face and in close proximity to itself in the other subunit,
centrations. Both I259C and R255C mutant size exclu- and also at a position where previous biochemical and
sion profiles are undistinguishable from those of wild- functional experiments have shown that a substitution
type (Figure 6B), but the two other mutations did weaken does not alter either the energetics of solution dimeriza-
or abolish dimerization. The W262C mutant profile mi- tion or functional activity.
grates as a monomer: its profile is independent of pro- Together, the biochemical results provide substantial
tein concentration (Figure 6B). F258C has a concentra- evidence that the dimer interface detected in the crystal
tion-dependent molecular weight but is consistently is also present in the tetrameric full-length channel and
smaller than the wild-type domain. illustrate its crucial importance in gating. We therefore
expect that the four CNB domains tethered to the mouthWe next used functional studies to examine whether
Liganded and Unliganded Structures of CNB Domain
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Figure 6. Biochemical Studies of the Interface
(A) Superposition of size exclusion profiles from two concentrations of the wild-type RpalK1 CNB domain. Runs were initiated on a Sephadex-
200 column (with void volume of 8 ml) at the point indicated by arrow; values on the abscissa indicate elution volume in milliliters. Elution
profiles were monitored by absorption at 280 nm; peak values at 15.85 ml and 16.85 ml correspond to runs at 25 and 2.5 mg/ml, respectively.
(B) Concentration dependence of apparent molecular weight of the wild-type and mutant RpalK1 CNB domains. Apparent molecular weights
at different protein concentrations were determined by comparison of retention time (as shown in [A]) with a set of molecular weight standards.
Wild-type, filled squares; R255C, open triangles; F258C, filled diamonds; W262C, open circles; I259C, stars; wild-type with 1 mM cAMP, open
diamonds. Wild-type values in absence of nucleotide represent mean and SD (n  3).
(C) Effect of interface mutants on 86Rb uptake. Uptake into liposomes reconstituted with either wild-type MlotiK1 (WT, black), R220A (R,
crosshatch), F233A (F, gray), V224A (V, \\), W227A (W, white), and R348A (C, //) mutant proteins. Samples were reconstituted with the following:
control, no protein; cAMP, protein from which cAMP was removed in a final gel filtration step; cAMP, protein purified in the continued
presence of 100 M cAMP (1 mM for R348A mutant). Data are normalized as a percentage of valinomycin-induced uptake into an aliquot of
the same vesicles and are shown as means  SD (n  3–8).
(D) (Left) C trace representation of unliganded dimer structure. Yellow spheres represent the positions of native cysteines in the domain,
and green spheres the positions of cysteine mutants. (Right) Western blot showing disulfide bond formation in cysteine mutants of full-length
channel in membranes. Lanes: V, V224C; T, T316C; W, W227C; C-, cysteineless; wt, wild-type.
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Figure 7. Schematic of Gating Model
Two of the four CNB domains are shown attached to the last transmembrane helices. The open and closed states correspond to liganded
and unliganded structures, respectively. Arrows indicate the direction of movement to attain the structure shown, from the alternate conforma-
tion. The orientation of the domains relative to the transmembrane helices is arbitrary.
of the tetrameric pore oligomerize and form two dimers the R348A mutant structure reflects an unliganded con-
formation. Since cAMP activates this channel, our li-at the cytoplasmic face of the channel.
ganded and unliganded structures presumably corre-
spond to the open and closed states, respectively. ThisDiscussion
is further supported by the different relative separation
of the N termini, far apart in the liganded structureOur data and results in the literature provide the follow-
(23 A˚) and closer in the unliganded structure (16 A˚),ing working premises for a gating mechanism. First, as
consistent with the relative positions of the gate helicesdemonstrated by our in vitro assay, the MlotiK1 channel
of the MthK channel (open state) (Jiang et al., 2002b)is activated by cAMP. Second, in accordance with many
versus those in the KcsA channel (closed state) (Doylestructural and functional studies, the channel gate is
et al., 1998). We performed a crude docking exercise,formed by the last transmembrane segments (Yellen,
positioning two dimers at the cytoplasmic mouth of a1998; MacKinnon, 2003) and therefore is directly con-
channel, to establish that the quaternary organizationnected to the N terminus of the CNB domain. Presum-
we propose is possible in both open and closed states.ably pulling or pushing on these transmembrane seg-
The MthK and KcsA channel structures were used asments is a crucial component of channel gating. Third,
models for the open (liganded) and closed (unliganded)the CNB domains are organized as dimers in the full-
states, respectively. The two CNB domain dimers werelength MlotiK1 and RpalK1 channels. This conclusion
positioned at the inner mouth without obvious stericfollows from several pieces of evidence. The same dimer
clashes. In both cases, the distance between G221 atinterface is observed in the liganded and unliganded
the N terminus of the CNB domain and the end of thedomain structures, and the core buried surface area
inner helix (KcsA: F114; MthK: L98) is roughly 20 A˚. Inchanges very little between the two conformations. The
an extended conformation, the six residues that link theinterface is relatively small but comprised of conserved
CNB domain to the equivalent residue in MlotiK1 porehydrophobic residues. Mutations at one of these resi-
could span this distance. An important consequencedues disrupt both dimerization in solution and cAMP-
of this quaternary organization is that, since the linkerdependent activity of the full-length protein. Cysteine
between the last transmembrane helix and CNB domaindisulfide formation occurs between residues shown in
is short, it is probable that the dimeric arrangement ofthe domain structures to be in close proximity across
the CNB domains will break the 4-fold symmetry of somethe dimer interface. These observations and the fact
portions of the transmembrane core.that the local concentration of domain in the full-length
We propose a simple model for ligand-induced gatingchannel is very high (at least 20 mM) compared with
(Figure 7): in the closed state, the CNB domain dimerthose in our biochemical experiments (Figure 6B) sup-
adopts the conformation observed in the R348A mutantport the idea that the CNB domain dimers exist in both
structure. Upon binding, the cyclic nucleotide estab-the open and closed channel states. The physical and
lishes direct interactions with both the PBC and Arg348,functional relationships between the two dimers, if any,
resulting in a collapse of the binding site PBC residuesremain unknown.
and C helix around the ligand. One aspect of this rear-Fourth, on the basis of comparisons with previously
rangement is that, as proposed for EPAC (Rehmann etsolved structures of CNB domains, our structure of the
wild-type protein represents the liganded state, while al., 2003), the movement of Leu301 (within the PBC)
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creates a cavity that is occupied by Phe327 in the B tide-dependent activity in other cases: in protein kinase
helix (Figure 4B). This contact, together with the direct A regulatory subunit and CNG and HCN channels, the
interaction between the C helix and the ligand, results CNB domain is located C terminal to an effector domain
in a concerted shift of the B helix. The conformational (Su et al., 1995; Zagotta et al., 2003), and changes in
changes repack a hydrophobic surface on the  roll, the N-terminal portion of the CNB domain could explain
forcing the rearrangement of the loop between the A activation of those proteins. Several observations sup-
and A helices. The reorganization of this loop is propa- port this proposal: in CNG channels, the properties of
gated to the interface, resulting in a change of 7 A˚ in a residue mapping to our A-A loop (Gordon et al.,
the relative positions of the N termini across the dimer 1997; Zheng and Zagotta, 2000) are state dependent,
interface. The channel is opened by this “pulling or push- while, in the regulatory subunit of protein kinase A, deu-
ing” on the gate, with the CNB domains maintaining a terium exchange studies indicate altered exchange in
dimeric organization, as shown in the structure of the the analogous region upon ligand binding (Anand et
wild-type protein. al., 2002).
Many features of this model are shared with proposals The comparison between our structures and the HCN
for gating in other ligand-activated channels. For exam- CNB domain structure is interesting. In the eukaryotic
ple, the binding domain of the glutamate receptor regu- HCN channels, there is both structural and biochemical
lates the gating of a nonselective cation channel and evidence that the CNB domains oligomerize (Zagotta et
also functions as a dimer (Sun et al., 2002). In each al., 2003). As in our structure, N-terminal helices form the
monomer, residues that connect the transmembrane oligomerization interface, but, in this case, the crystal
segments move by 4 A˚ between the active (open) and structure indicates that the domains are organized as a
closed conformations (Sun et al., 2002). The MthK chan- tetramer. The different oligomeric state reflects the
nel is a bacterial potassium channel that is gated by much longer linker between the transmembrane core
binding of calcium ions to a cytoplasmic ring of eight and the nucleotide binding pocket in the HCN channels
RCK domains (Jiang et al., 2002a, 2002b) that has been (Figure 1B). It is easy to envisage that conformational
proposed to expand by as much as 13 A˚ during gating. changes similar to those discussed above could form
How general are the conformational changes indi- the basis of the gating mechanism in the eukaryotic
cated by our structures? At present in the Protein Data channels, as they would lead to alterations in the oligo-
Bank, there are numerous protein structures that contain mer organization.
cyclic nucleotide binding domains. Most have been
Experimental Proceduressolved in complex with ligand (CAP, two types of regula-
tory subunit from PKA [each containing two CNB do-
Molecular Biologymains] and the HCN channel CNB domain) (Weber and
The MlotiK1 and RpalK1 genes were cloned from genomic DNA.Steitz, 1987; Su et al., 1995; Passner et al., 2000; Diller
MlotiK1 was inserted into the pASK90 vector, a derivative of pASK75
et al., 2001; Zagotta et al., 2003), while the crystal struc- (Schmidt and Skerra, 1993), with a C-terminal histidine tag. The
ture of EPAC, a guanine nucleotide exchange factor, cyclic nucleotide binding domain (residues 216–355) of MlotiK1 was
has two unliganded domains (Rehmann et al., 2003). cloned into pGEX-2T (Amersham Pharmacia). The RpalK1 CNB do-
main (residues 250–412) was cloned into a modified pET-24d vectorThe conformations of the residues in the PBC and B
(Novagen) containing an N-terminal His-tag and a TEV proteasehelix of our structures have been observed in other CNB
site. Site-directed mutagenesis was performed using Quick-Changedomains. In particular, the similarity noted above be-
mutagenesis (Stratagene).tween our unliganded mutant structure and that of EPAC
provides a structural validation for the changes that oc- Purification and Reconsititution of Full-Length MlotiK1
cur upon ligand dissociation. In our structures, the C Ni2-affinity purification of full-length MlotiK1 was performed essen-
helix also seems to be an important part of the switch tially as described for KcsA (Heginbotham et al. 1999), with the
addition of 100 M cAMP and 2 mM DTT to all solutions beginningbetween bound and unbound states. This is consistent
with cell disruption. Cell membranes were solubilized in 15 mMwith its proposed role in other CNB domains. In CAP,
decyl maltoside and protein bound to nickel matrix in the presenceit is postulated that ligand binding induces concerted
of 40 mM imidazole; wash buffer contained 40 mM imidazole andrearrangements in the C helix and other parts of the 5 mM decyl maltoside, and protein was eluted by increasing the
molecule to effect transcriptional activation (Passner imidazole concentration to 400 mM. Protein was concentrated and
et al., 2000). In CNG channels, functional experiments subjected to a first round of gel filtration chromatography in the
clearly demonstrate that the C helix moves in a state- presence of 100 M cAMP. Nucleotide was removed in a second
FPLC step. Protein collected from gel filtration was immediatelydependent manner (Matulef and Zagotta, 2002)
reconstituted into mixed E. coli lipids in the presence of 400 mMUltimately, a full understanding of the molecular
KCl (5 g MlotiK1/mg lipid in 100 l per sample) as described inmechanism of gating will result from a combination of
Heginbotham et al. (1998) and frozen at 80	C. Protein from the
functional and structural studies, including the struc- first and second rounds of gel filtration was reconstituted in the
tures of full-length channels and of channel domains in presence of 100 M cAMP or in the absence of nucleotide, respec-
different conformational states. The structures de- tively.
scribed here, of the same domain in both liganded and
Rb Uptake Assayunliganded forms, provide unique insight into the con-
Flux assays were conducted following previously established proto-formational changes that occur upon ligand binding. Our
cols (Heginbotham et al., 1998). cAMP was added to the internalstructures indicate a ligand-induced rearrangement of
volume by subjecting liposomes to three freeze/thaw cycles prior
the N-terminal helices and connecting loop. As dis- to use and to the external solution by addition to the final G-50
cussed above, this rearrangement is crucial to our gating sorbitol column. Flux was initiated by addition of sorbitol buffer
model, since the N termini connect directly to the trans- containing approximately 0.5 Ci/mL of 86Rb. Samples were re-
moved at the indicated times (1.5 hr for the experiments shown inmembrane core. Similar alterations may underlie nucleo-
Cell
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Figure 6C). Normalized rubidium uptake is the fraction of uptake in from a native crystal soaked with NaBr (the cryoprotection solution
contained a final concentration of 0.5 M NaBr).comparison to that mediated by valinomycin in the same vesicle
preparation. cAMP-dependent uptake is the percent of radioactive The native data were integrated and scaled using the CCP4 suite
set of programs Mosflm and SCALA (Collaborative Computationaluptake as a fraction of the difference between controls containing
no added nucleotide and 1 M cAMP. Project Number 4, 1994). The mutant data were integrated and
scaled using the HKL2000 program. Both structures were phased by
selenomethinone MAD using the program Solve with fixed scattering
Biochemical Experiments factors (Terwilliger and Berendzen, 1999). In the case of the native,
For expression of the MlotiK1 CNB domain, DNA was transformed six selenomethionine sites were found. For the mutant, four were
into the BL21-RP E. coli strain. Cells were grown in 2xYT media found. Initial maps were calculated with Resolve (Terwilliger, 1999).
and induced overnight at 20	C. For selenomethionine-substituted NCS operators were defined from the selenomethione sites. Solvent-
protein, growth was done in minimal media supplemented with es- flipped averaged maps calculated with CNS (Brunger et al., 1998)
sential amino acids and selenomethionine instead of methionine. improved the quality of the electron density maps. Model building
Mass spectrometry of the selenomethionine-substituted protein was performed in O (Jones et al., 1991). The initial stages of refine-
confirmed full incorporation of selenomethionine into the three me- ment were performed with the MAD data in CNS. For the native,
thionine sites of the CNB domain. The cell lysate (in PBS buffer) refinement was finalized against the high-resolution data set col-
was passed over a glutathione-Sepharose column followed by incu- lected from NaBr-soaked crystals. Mutant structure was refined
bation with thrombin for cleavage of the CNB domain from the GST against the remote MAD data set. Anomalous signal difference maps
tag. Cleaved protein was eluted off and further purified by size were used to determine the position of the halides ions, which were
exclusion chromatography on a Superdex 200 column. Fractions included in the refinement. Figures were made using the program
containing the MlotiK1 CNB domain were passed over a second MolScript (Bacon and Anderson, 1991).
glutathione-Sepharose column and then concentrated to 10 mg/mL.
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